The use of liquid helium and neon as scintillators for neutrino detection is investigated. Several unique properties of these cryogens make them promising candidates for real-time solar neutrino spectroscopy: large ultraviolet scintillation yields from ionizing radiation, transparency to their own scintillation light, and low levels of radioactive impurities. When neutrinos scatter from electrons in liquid helium or neon, ultraviolet light is emitted. The ultraviolet scintillation light can be efficiently converted to the visible with wavelength shifting films. In this way the neutrino-electron scattering events can be detected by photomultiplier tubes at room temperature. We conclude that the solar neutrino flux from the p + p → e + + d + ν e reaction could be characterized and monitored versus time using a 10 ton mass of liquid helium or neon as a scintillation target.
I. INTRODUCTION
The observed deficit in solar neutrino flux at the Earth's surface is now well estab- One of the most daunting experimental challenges in neutrino observation is the realtime measurement of the full flux of low energy neutrinos from the solar reaction p + p → e + + d + ν e . This "pp" reaction is the most intense source of solar neutrinos, and initiates the chain of fusion reactions in the sun. The emitted pp neutrinos range in energy from 0 to 420 keV and have a precisely predicted flux of 6 × 10 10 s −1 cm −2 at the Earth. Despite this high flux, the pp neutrinos have proven difficult to characterize in real time; low energy neutrinos yield low energy scattering events, and these are difficult to detect and discriminate from radioactive backgrounds. In order to characterize and monitor the pp neutrino flux, a detector is needed that has a high signal yield for neutrino-induced events, a high rate of such events, and a low background rate from intrinsic radioactivity. We are familiar with several approaches to the real-time detection of pp neutrinos: bolometric detection of helium atoms liberated by rotons from a liquid helium bath (HERON) 6 , measurement of electron tracks generated in a pressurized He (HELLAZ) or CF 4 (SUPER-MuNu) gas-filled time projection chamber 7, 8 , and the use of a low energy neutrino absorbing nuclide that follows absorption with a delayed gamma emission(LENS) 9 . Here we propose a detector that uses liquid helium or neon as a scintillation target. This scheme offers the advantages of high scintillation yield, high neutrino detection rate, low intrinsic radioactivity, and simplicity.
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II. EXPERIMENTAL OVERVIEW
Detection of neutrinos in our proposed experiment is based on neutrino-electron elastic scattering, ν x + e − → ν x + e − , where x = (e, µ, τ ). For pp neutrinos, the scattered electron can range in energy from 0 to 260 keV. The scattering cross-section for electron neutrinos is about 1.2 × 10 −45 cm 2 (about 4 times larger than for µ or τ neutrinos) 10 . This small crosssection leads to the need for a large detector. With 10 tons of active scintillator (3 × 10 30 electrons), a solar neutrino scattering rate of roughly 28 per day will occur (according to the SSM). This mass of liquid helium (neon) fills a 5.1 (2.6) meter diameter sphere.
We have diagrammed our proposed experiment in Figure 1 . The design characteristics are similar to those used currently in the Borexino experiment 11 , with crucial differences arising from the choice of scintillator and associated cryogenics. A spherical geometry is chosen for conceptual simplicity (a cylindrical volume, for example, could be used instead).
In the center of the experiment is an active region (10 tons) of liquid helium or neon. In There are several aspects of this geometry that lead to important advantages. EUV light that originates in the active region will hit the TPB film and be converted into blue light, but EUV light that originates outside the active region will simply be absorbed and will not contribute to the background. The liquid nitrogen acts both as black-body radiation shielding and gamma ray shielding, while the tank of deionized water outside the photomultipliers acts as further shielding.
The entire experiment will be located deep underground to reduce cosmic ray events.
Muon events will be actively vetoed. Vetoing could be done using a set of photomultipliers to detect Cerenkov light in the water tank. The above experimental design would produce 28 neutrino-electron scattering events per day according to the SSM (see Table 1 ). A relatively clear model of scintillations in liquid helium and neon can be elucidated from the numerous experimental characterizations of charged-particle-induced scintillation in condensed noble gases [12] [13] [14] [15] [16] [17] [18] . When an energetic charged particle passes through the liquid, numerous ion-electron pairs and excited atoms are created. The ions immediately attract surrounding ground state atoms and form ion clusters. When the ion clusters recombine with electrons, excited diatomic molecules are created. Similarly, the excited atoms react with surrounding ground state atoms, also forming excited diatomic molecules. Fluorescence in condensed noble gases is observed to be almost entirely composed of a wide continuum of EUV light, emitted when these excited diatomic molecules decay to the monoatomic ground state. The energy of emission is less than the difference in energies between the ground state (two separated atoms) and the first atomic excited state for any given noble gas. The scintillation target is thus transparent to its own scintillation light, and a detector based on a condensed noble gas can be built to essentially arbitrary size without signal loss from reabsorption.
TABLES
Liquid helium scintillations have been more quantitatively studied than neon scintillations. It has been found that conversion of electron kinetic energy into prompt scintillation light is highly efficient; about 24% of the energy of an energetic electron is converted into Helium and neon have no unstable naturally occuring isotopes and therefore no inherent radioactive backgrounds. They do however need to be cleaned of dissolved argon and krypton, as well as possible low-level contamination by K, U, and Th, but their low boiling temperatures allow a simple and effective solution to this problem. By passing the helium or neon through a cold trap, radioactive contaminants can be frozen out. In neon one remaining possible radioactive contaminant is tritium. If it is found that commercially available neon is contaminated with low levels of tritium, then it can be easily removed by chemical means. Impurities within the helium or neon are therefore not expected to be a significant source of background. Helium and neon are also relatively inexpensive 29 .
Because liquid helium and neon are easily cleaned of radioactive isotopes, the limiting backgrounds are expected to arise from contamination external to the scintillator bath. wavelengths that are shifted even further into the infrared 27 . As a result, the outer neon region, without exposure to an ultraviolet waveshifter, will yield an insignificant amount of visible light from gamma scattering events within its volume. However, even with these effects the high rate of gamma scattering events in the shielding will produce significant background at low photoelectron number. This will therefore set a low energy threshold for neutrino events of roughly 20 keV. This leaves only 10% of solar neutrinos undetected. With a 2 meter thick liquid neon shielding region, the rate of gammas entering the active volume should be less than 1/day, compared to the predicted 28/day solar neutrino counting rate.
A variety of other effects may help to decrease background counts. The three-dimensional photomultiplier arrangement will allow rough determination of the event location. Events in the active volume will be more evenly spread over the photomultipliers than events in the acrylic, liquid nitrogen, or shielding volume, and the light concentrators affixed to the photomultiplier tubes will restrict their immediate field of vision to the active volume. The expected intense ultraviolet afterpulsing from the active liquid neon (see section IV) could also provide an important test against background events.
Radioactive contamination requirements of the TPB and plastics separating the active and shield regions are not overly stringent, since very little of these materials are necessary.
Sufficiently low levels of U, Th, and 14 C, such as those attained in the organic scintillator used in the BOREXINO experiment 30 , should be achievable so that these radioactive contaminants do not noticeably affect the background in our experiment.
Muons are another potential source of background. Muons will pass through the experiment at a rate of about 25 day −1 m −2 (at Gran Sasso). These prompt events can be eliminated through active vetoing. One way to do this is to detect the Cerenkov radiation in the ultrapure water tank using a second set of photomultipliers 11 . In addition, muons that pass through the active region will produce extremely bright, easily distinguishable scintillation pulses. In the neon experiment, neutrons and radioactive species can be produced by muons passing through the active volume. Prompt muon coincidence rejection and energy 9 cuts will reduce background due to these events to negligible levels. Muons can also lead to the production of neutrons in the surrounding rock. These neutrons, as well as those emitted from fission products and (α, n) reactions, will be moderated and absorbed in the ultrapure water tank, possibly with the help of boric acid dissolved in the water 6 , and are not expected to constitute a significant source of background.
The overall background level can be independently tested by running the experiment without any waveshifter. This should be a reliable test as the background in the active neon region should be negligible.
V. CRYOGENICS
We describe here the cryogenic and structural requirements for a low energy neutrino detector whose active element is a 10-ton reservoir of liquid helium or neon.
In the helium experiment the active region is cooled to about 2 K by a pumped helium refrigerator. The heat load on the helium due to infrared radiation from the neon shielding region is an insignificant 2.5 W. In both the helium and neon experiments the liquid neon is cooled to 27 K with a closed cycle helium gas refrigerator (located outside the stainless tank). Assuming an exposed surface area of 260 m 2 for the neon bath, the heat load due to infrared radiation from 77 K is about 500 W, easily manageable with commercial refrigerators. This conservatively assumes unity emissivity for acrylic 33 . The acrylic containers could be supported with acrylic spacers between the various cryogenic layers. Acrylic has very low thermal conductivity, resulting in a heat load of about 100 W on the neon assuming reasonable mechanical design.
This design relies on acrylic as a low activity, transparent, strong material. At low temperatures, acrylic remains strong and tough. The yield strength of acrylic increases significantly as temperature is lowered, while the fracture toughness remains roughly constant 34 .
Nevertheless, the acrylic containers will have to be designed carefully to avoid unnecessary thermal and mechanical stresses, as the cryogens are of larger scale than is common in low 10 temperature work.
VI. CONCLUSION
There are several other experimental programs currently underway to develop real time detectors of pp neutrinos. We believe the method described above compares favorably to all of these. However, making exact technical comparisons with HELLAZ, SUPER-MuNu, and LENS is beyond the scope of this paper. Because the HERON experiment also uses a liquid cryogen it is possible to make a few simple comparisons. The HERON program uses liquid helium as a neutrino scattering medium, and bolometers to detect helium atoms liberated by rotons from the liquid helium surface 6 . If helium is used, the possible event rate achievable in this experiment is similar to that possible using our proposed scintillation technique. If liquid neon is used, however, the event rate is 5 times larger for a given active volume. Our design is technically simpler because it requires temperatures of only 27 K (2 K) for liquid neon (helium), while HERON requires 30 mK superfluid helium to avoid roton scattering. HERON has the requirement (not present in our proposed design) that the helium be isotopically pure to avoid 3 He-roton scattering centers. The added effort and complexity of isotopic purification of 10 tons of helium is significant. A significant technical requirement present in our proposed experiment and not in HERON is the need for large, strong clear plastic tanks at low temperatures. Unlike HERON, our proposed experiment relies almost entirely on high purity shielding materials to reduce background, obviating the need for precise event reconstruction for background reduction.
The use of liquid helium or neon as a scintillation medium is a promising method for the detection of low energy neutrinos. First, the background level should be very low because of the extreme cleanliness possible in the active region. All other materials (with higher levels of contamination) can either be well shielded from the active volume or are present in such small amounts that their contribution is negligible. Second, the photoelectron output from neutrino scattering events should be high because of the intense extreme ultraviolet 11 scintillation yield. Detection with standard PMTs is made possible by the availability of efficient wavelength shifters. Third, the rate of detected neutrino scattering events will be comparable or larger than those expected in other experimental techniques. Finally, this experiment uses only existing technologies; a small "proof of principle" apparatus could be constructed and tested in relatively little time. Low energy neutrinos produced in nuclear reactors might also be detected using liquid helium or liquid neon as a scintillation medium.
We conclude that liquid helium and neon are intriguing possible detectors for solar neu-
trinos. An efficient real-time neutrino detector based on this technique could be used to calibrate the pp neutrino flux from the sun, look for time variation signatures of neutrino oscillations, and provide detailed energy information over the entire solar neutrino spectrum. 
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